INTRODUCTION
Intensive research into the fundamental processes of human immunodeficiency virus type 1 (HIV-1) replication has yielded knowledge that in many respects equals or exceeds that of other retroviruses. As a clearer picture of the pattern of HIV-1 replication evolves, it becomes apparent that HIV-1 biology is distinct from that of the prototypic simple retroviruses in several key aspects, particularly with regard to host cell range and determinants of viral permissiveness. These characteristics are determined to a large extent by the ability of HIV-1 to replicate in nondividing cells (1, 2) . Until the early 90s, the dogma that retroviruses replicate only in proliferating cells was automatically extended to HIV. The first report convincingly demonstrating that HIV-1 can productively infect nondividing cells came from the Cullen laboratory (3) . This work used differentiated macrophages as natural nonproliferating target cells for HIV-1, and macrophages became the object of many subsequent studies dealing with HIV-1 nuclear import. The ability of HIV-1 to establish productive infection in nondividing cells was later confirmed on many other cell types, including T-cell lines and HeLa cells engineered to express HIV-1 receptors, artificially arrested in various phases of the cell cycle (1, (4) (5) (6) (7) . Such cells provided convenient experimental models to investigate molecular mechanisms governing the enigmatic process of HIV-1 nuclear translocation.
The replication cycle of retroviruses involves reverse transcription of genomic RNA in the cytoplasm of an infected cell and integration into the host cell's DNA. To get access to the genomic DNA of a nondividing cell, HIV needs to transport its genome from the plasma membrane to the nucleus and then through an intact nuclear envelope. Inability to cross the nuclear membrane of an interphase cell appears to be the main barrier that restricts replication of simple retroviruses, such as Murine Leukemia Virus (MLV), to proliferating cells (8) , where nuclear and cytoplasmic components mix during mitosis. To deliver its genome through the cytoplasm and into the nucleus, HIV-1 most likely uses components of the cellular transport machinery. In recent years, considerable progress has been achieved in characterizing the mechanisms involved in HIV-1 nuclear import. Nevertheless, despite many reports describing possible molecular mechanisms that may regulate delivery of the HIV genome into the nucleus through an intact nuclear membrane, this process remains one of the most controversial topics in HIV biology.
THE JOURNEY OF THE HIV-1 REVERSE TRANSCRIPTION COMPLEX THROUGH THE CYTOPLASM
Mature, infectious HIV-1 particles contain a characteristic coneshaped core that encases the viral RNA and replication proteins (9) . The core shell is made of capsid protein CA p24. After fusing with the target cell, the viral core is released into the cytosol. Whereas reverse transcription can initiate within the core, its disassembly appears to be essential for the progress of reverse transcription. Disassembly of the core is characterized by dissociation of the CA protein (10, 11) , which is an important step in viral uncoating. Interestingly, the speed of HIV-1 uncoating appears to be much more rapid than that of MLV, where capsid protein stays associated with the pre-integration complexes through reverse transcription and may even be present in the integration-competent
The George Washington University, Washington, D.C.
pre-integration complex (12) . This difference in uncoating between HIV and MLV may be relevant to the pathways these viruses use to access the nucleus, as uncoating is likely to be necessary for the ability of HIV to migrate through the nuclear pore. To reach the pores in the nuclear envelope, the RTC must travel from the plasma membrane through the cytoplasm to the nucleus. Because of the high viscosity of the cytoplasm, movement of these particles by diffusion is likely to be very limited, especially considering the size of the HIV-1 RTC, which has been estimated to be at least 50 nm in diameter (13) . To overcome this obstacle, HIV-1 utilizes the cellular cytoskeleton. Initial movements of the virus within the peripheral regions of the cell cytoplasm occur in association with actin cytoskeleton (14) . However, subsequent translocation of the HIV-1 pre-integration complex toward the nucleus takes place along the microtubule network (15) . Transfer from the actin to the microtubule network is consistent with the evidence that actin can be used to gain access to tubulin (16) . The structural basis for interaction between the viral RTC and microtubules remains to be determined. This interaction likely engages a cellular dynein-dependent motor complex, which has both minus end-directed (toward the microtubule-organizing center located close to the nucleus) and plus end-directed (toward cell periphery) motor activities (15) . Thus, the virus needs to stimulate the minus end and/or inhibit the plus-end activity to ensure translocation toward the nucleus. A similar mechanism has been demonstrated for the intracellular transport of other viruses, such as herpes simplex virus (HSV)-1 (17) and adenovirus (18) .
Reverse transcription occurs during the HIV-1 RTC transport through the cytoplasm and is mostly completed by the time the complex reaches the nucleus. Conversion of the viral genomic RNA into DNA likely leads also to dissociation of reverse transcriptase (Bukrinsky and others, unpublished observation), thus further reducing the size of the complex in preparation for translocation through the nuclear pore. Upon completion of reverse transcription, the complex becomes integration-competent (13) and is termed pre-integration complex (PIC).
PIC ENTRY INTO THE NUCLEUS
Once near the nuclear membrane, HIV-1 most likely relies on the cellular nuclear import proteins to pass through the nuclear pore. An alternative mechanism based on the ability of Vpr to induce reversible ruptures of the nuclear membrane, which might serve as entry points for the PIC, has been suggested (19) ; however, this possibility has not been tested experimentally in the context of HIV infection. The model favored by investigators working in the area of HIV nuclear import is that the HIV PIC itself is karyophilic. This implies that a component or components of the complex contain targeting signals that engage the cellular transport proteins, which direct the PIC through the nuclear pore. The most likely candidates for the role of karyophilic agents are viral proteins associated with the PIC (see below), although they may regulate trafficking indirectly by binding host cell-derived karyophilic proteins (20) .
Another factor proposed to regulate HIV nuclear import is the specific structure of the viral cDNA intermediate (21) . During the plus-strand synthesis of the HIV (and other lentiviruses) cDNA, a 99 nucleotide long "central DNA flap" is produced because of additional initiation of the plus DNA synthesis at another polypurine tract in the middle of the HIV genome. This short trimeric structure was proposed as a critical determinant of the PIC passage through the nuclear pore (21) and was reported to dramatically increase the efficiency of lentivirus-mediated gene transfer (22, 23) . However, later reports demonstrated that the central flap, at least in some cells, is not essential for PIC nuclear import and its effect is dependent on the HIV-1 strain used (24, 25) . Most likely, the DNA flap assists the nuclear import function of HIV proteins by providing the optimal conformation to the PIC that is necessary for its interaction with cellular factors and translocation through the nuclear pore.
Three HIV-1 proteins, MA, IN, and Vpr, have been proposed as karyophilic agents that recruit the cellular nuclear import machinery to the PIC. Historically, MA was the first protein implicated in HIV-1 nuclear import (1, 26) . While most of matrix in the virion localizes outside the core and forms the layer between the viral capsid and the envelope (hence its name), some MA molecules are found in tight association with the HIV core and the PIC (10,13). The HIV-1 MA carries 2 functional, yet rather weak, nuclear localization signals (NLSs) (27) , which encode a short stretch of basic amino acids that introduce a positive charge that is crucial for the nuclear targeting properties of these sequences (reviewed in 28). Mutations in MA NLSs significantly attenuate HIV-1 replication in nondividing cells (1, 26, 29) . Import of cellular proteins containing NLSs across the nuclear pore complex is mediated by special transport proteins called importins or karyopherins that bind NLS-containing proteins in the cytosol and target them to the nucleus (30) . In the case of basic-type NLSs, such as those present in MA, a heterodimer of 2 importins, importin α and importin β, is involved. Importin α is actually an adaptor that ensures binding of a basic-NLS-substrate to importin β, which is then responsible for docking the importin-NLS protein complexes to nucleoporins (a collective term for nuclear pore complex proteins) and translocation through the pore (31) . By analogy, it has been postulated that nuclear import of the HIV-1 PIC is also dependent on importins α and β (1,32).
However, several later reports questioned the role of MA in HIV-1 nuclear import (33, 34) . The main argument against MA being the principal HIV nuclear targeting protein was the finding that the virus lacking most of MA was still capable of infecting nondividing cells, albeit with a greatly reduced efficiency (35) . While MA is clearly required for efficient nuclear import of the HIV-1 PIC, it appears to be nonessential and is likely only one of several factors regulating this process (35) .
A role for IN in HIV-1 nuclear import was originally proposed by Gallay and coworkers (36) , who demonstrated that IN interacts with importin α and can target a fusion GST-IN protein into the nucleus of microinjected cells. A more recent report from Malim's group (37) extended this observation and identified an IN OVERVIEW unusual NLS spanning residues 161-173 within the central core domain of IN. Mutations within this domain, such as V165A or R166A, disrupted the nuclear import of the integrase. However, later reports were unable to confirm that the 161-173 region of IN functions as an NLS and instead demonstrated that the NLS mutations studied previously primarily affected integration rather than the PIC nuclear import (24, 38) . Nevertheless, it remains possible that IN is involved in HIV-1 nuclear import, as it is a highly karyophilic protein that can interact with different importins, including importin α/β (36) and importin 7 (39) . The latter importin (or a heteroduplex of importin 7 and importin β) was found to mediate HIV-1 nuclear import in digitonin-permeabilized macrophages, whereas importin α did not seem to be involved (39) . Because importin 7 normally mediates nuclear import of ribosomal protein rpL23a by directly binding to its nonbasic NLS (40) , this result also argues against the role of basic NLSs in HIV-1 nuclear import, at least in the digitonin-permeabilized system. Along these lines, it should be noted that while digitoninpermeabilized cells provide a model to study transport of simple cargos through the nuclear envelope, this system is unlikely to recreate the complex pathway of HIV migration into the nucleus of different cell types. Consistent with this view, the level of reduction of HIV-1 infection by silencing of importin 7 using RNAi approach was different in direct comparisons between glioma cells and HeLa cells (39) .
Vpr is another HIV-derived protein that has been implicated in nuclear import. Its role in this process was revealed when it was found that the HIV-1 molecular clone, MFD, used in the early studies to investigate HIV-1 nuclear import, encodes a truncated version of the Vpr protein (41, 42) . Vpr truncation is highlighted by the ability of the HIV-1 IIIB strain, from which the HIV-1 MFD clone was derived, to establish persistent productive infection of T-cell lines (43) . Viruses with functional Vpr are unable to do this because of Vpr-induced cell cycle arrest and apoptosis of infected cells (44) . Subsequent studies demonstrated that Vpr significantly stimulates HIV-1 infection of nondividing cells, in particular macrophages, presumably by enhancing nuclear import of the PIC (45, 46) . Two hypotheses (not necessarily mutually exclusive) for the mode of action of Vpr in HIV-1 nuclear import have been proposed: (1) Vpr targets the HIV-1 PIC to the nucleus via a distinct, importin-independent pathway (32,47); (2) Vpr modifies cellular importin-dependent import machinery (48, 49) . The 1st model was based on the observation that in the in vitro nuclear import assay Vpr can enter nuclei in the absence of soluble import factors (47) . Later reports that Vpr can directly bind nucleoporins (50) (51) (52) suggested that Vpr might mediate binding of the PIC to the nuclear pore, thus performing activity normally attributed to impotins. The 2nd model was based on the finding that Vpr can bind to importin α (49,50) and change its affinity for the nuclear localization signal (49) . This activity would explain the stimulatory effect of Vpr on nuclear import driven by basic type NLSs through importin α/β pathway (49) . It would be important to test whether a similar stimulatory activity of Vpr can be detected on nuclear import carried out by other importins.
Most of the experimental data on which these 2 models are based have been obtained using Vpr-expressing vectors. To understand the actual mechanism of Vpr activity in the nuclear importation of the HIV-1 PIC, studies employing experimental systems dealing with the whole virus or at least the PIC will be required. In any case, Vpr appears to be involved in the process of HIV-1 nuclear import in some cells, in particular macrophages. However, it is obviously not the only player; and its role is not strictly essential, as viruses lacking Vpr can still replicate in macrophages, albeit with reduced efficiency (41) .
CONCLUSIONS
Nuclear import of the HIV-1 PIC appears to be an extremely complex and redundant process. Although each individual factor described in this review might be nonessential, together they ensure the efficiency of this extremely important for the virus step. This probably comes as no surprise, as the ability to replicate in nondividing cells, especially those of the monocyte/macrophage lineage, is critical for survival of non-primate lentiviruses and could be among the main factors driving HIV evolution as well (53) . More research is clearly necessary to identify additional cellular proteins involved in HIV-1 nuclear import and understand interaction of these proteins with viral factors. However, certain conclusions can be drawn from currently available data. Based on studies with HIV and other viruses replicating in the nucleus, it seems reasonable to postulate that the HIV-1 PIC is delivered to the nuclear envelope along the microtubule network and enters the nucleoplasm through the nuclear pore. The simplified model depicting the main steps in the process of nuclear translocation of the HIV genome is shown in Figure 1 . Upon entry into the cytoplasm, the viral core undergoes initial uncoating characterized by dissociation of the capsid protein and formation of the RTC. Further studies are needed to determine molecular characteristics of the RTC, such as the molar ratio of the RTC proteins, their conformation and relative localization in the complex. Such information is critical for understanding interactions between the HIV-1 RTC and cellular proteins.
The RTC associates with tubulin (matrix protein might regulate this step but exact molecular details are still unknown) and is transported toward the nucleus along the microtubule. During this translocation, the viral genomic RNA is converted to a double-stranded DNA and the complex becomes the PIC, which interacts with import receptors (importins) and cellular proteins that may protect viral DNA from degradation and facilitate integration (54) . For interaction with importins, viral proteins matrix, integrase, and Vpr are instrumental, but their relative contribution is still uncertain. Vpr may also contribute to the binding of the PIC to nucleoporins. The central DNA flap in the HIV-1 cDNA may provide the optimal structure to the PIC for interaction with importins and/or passage through the nuclear pore. Several different importin molecules, including importin α/β and importin 7, may bind simultaneously to the same PIC and carry it through the nuclear pore (55) . The detailed mechanisms responsible for the described steps in the HIV-1 journey through the cell await their resolution. A factor complicating the story is that the molecular details of the HIV nuclear import, such as the type of the importin molecules or the identity of the main viral protein governing interaction with importins, might differ depending on the cell type and infection conditions. This ability of the virus to adapt to various circumstances is likely the reason we almost never get a simple answer to our questions about HIV biology.
